ABSTRACT: H 2 NO is the prototype of aminoxyls, kinetically persistent free radicals. The potential dimerization and reaction modes of H 2 NO are examined. The dimer potential energy surface features a barely metastable O−O bound species and several locally bound dimeric structures. One of these, a rectangular or rhomboid O−N−O-N ring, is a characteristic structural feature of more stable aminoxyls in the solid state. Its electronic structure is related to other four-center six-electron systems. A general picture of the weak dimer binding is constructed for these and other H 2 NO dimers from a balance of four-electron repulsions between NO π electrons, and two-electron attractive interaction between the singly occupied π* orbitals of the diradical. The most stable diradical structure is a surprisingly strongly hydrogen bonded dimer diradical. The barriers separating the other isomers from this global minimum are calculated to be small.
INTRODUCTION
Aminoxyl radicals, R 2 NO, form a family of odd-electron species involved in many reactions.
1,2 Depending on the R groups, the persistence of R 2 NO radicals under ambient conditions varies; many are isolable as pure compounds, yet others are only fleeting, observed spectroscopically. Due to their relative stability, aminoxyl radicals have been employed widely as electron spin resonance (ESR) probes, as well as spin labels or spin traps in studying biochemical processes, 3, 4 and in polymer chemistry. 5 Molecular-based magnets using aminoxyl radicals as building blocks have also been explored. 6 According to the IUPAC gold book, 7 R 2 NO• radicals should be named as aminoxyls, for their relation to hydroxylamine. In common usage they have also been called "nitroxides" and "nitroxyl radicals". 8 These terms are, however, potentially confusing, as they might suggest the presence of a nitro group. And the nitroxyl label has also been used for HNO. In this paper we use the IUPAC name, aminoxyl.
The impetus for our study came from a desire to design aminoxyl diradicals with an intermediate level of radical interaction. This led us to look in general at the stability, thermodynamic and kinetic, of aminoxyls. That in turn led us to examine their reaction modes. We begin here with the simplest of these, H 2 NO.
Chemical experience tells us that the common fate of radicals is dimerization (or polymerization) with low activation energy, if not barrierless, and atom abstraction, or addition to a double bond, where those reaction channels are possible. Then what makes a stable/persistent radical persist in its free form? In general, increasing steric encumberment near the radical centers enhances persistence. The simplest aminoxyl H 2 NO, having no such protection, is highly reactive, and can only be detected spectroscopically, whereas CH 3 (H)NO is already more stable than H 2 NO. 9 Though low activation reaction channels are available to some higher aminoxyls (for instance those with α hydrogens), the reaction that appears to be most common for radicals, namely dimerization, does not appear to be observed. We wanted to see the reasons for this, and took the archetype H 2 NO as a model.
The H 2 NO radical has been detected in the gas phase by farinfrared laser magnetic resonance spectroscopy, 10 in solution 2, 11, 12 and in a xenon matrix 13 by ESR. The microwave rotational spectrum of H 2 NO in the gas phase has also been studied. 14 These studies suggested that the ground-state structure of H 2 NO is essentially planar (C 2v ), although the possibility of a double minimum potential with a low barrier for pyrimidalization at the nitrogen cannot be excluded.
On the theoretical side, studies of the parent aminoxyl date back to 1970, their focus being the equilibrium structure and hyperfine coupling constant of the free radical. 15−26 There has been much back and forth on whether H 2 NO is planar or pyramidal, with conclusions sensitive to the level of theory and basis sets. Barone et al. predicted a pyramidal double minimum with a < 1 kcal/mol inversion barrier. 17 Pauzat, Gritli, Ellinger and Subra studied the vibrational structure of H 2 NO; their key finding is that the first out-of-plane vibrational level lies above the inversion barrier. 20 This has been confirmed by Haring et al. 21 and Komaromi and Tronchet. 24 The question of the planarity of H 2 NO then becomes somewhat of an "academic" one.
There is broad astrochemical interest in stable and metastable species in the interstellar medium. Ulich, Hollis, and Snyder detected HNO in the interstellar clouds Sgr B2 and NGC 2024. 27, 28 Nitric oxide (NO) has also been detected in Sgr B2 29 and later in the dark cloud L134N. 30 A third NO containing molecule, nitrous oxide (N 2 O), was observed toward Sgr B2(M). 31 Although H 2 NO has not yet been detected in interstellar clouds, its existence in the cold environment of the interstellar medium has been implicated. 14 There is yet another reason to be interested in H 2 NO. Ammonia (NH 3 ) released into the atmosphere decomposes to NH 2 radical, either by direct photolysis or attack by OH radicals in the troposphere.
•NH 2 (like •Cl and •OH) can initiate a catalytic cycle for the decomposition of ozone, O 3 , in the atmosphere, 32 in which aminoxyl is an intermediate: (1)
These reactions have been studied both theoretically and experimentally. 33−38 The aim of our work is to gain an understanding of the dimerization of H 2 NO, so as to be able to think about stabilizing electronically higher aminoxyls, R 2 NO, and diradicals based on these. To the best of our knowledge, the potential energy surface (PES) of the dimers of H 2 NO has not been explored in detail. There is one computational study on the H 2 NO dimer, by Saito et al., 39 which focused on the magnetic interaction of two H 2 NO molecules in a fixed geometry. Our detailed study of the dimer PES will complement our understanding of the role H 2 NO might play in both astrochemistry and atmospheric chemistry, and add to our knowledge of the chemistry of more complicated aminoxyls.
RESULTS AND DISCUSSION
2.1. H 2 NO Monomer. Before we dive into the reasonably complicated H 2 NO dimer PES, let us first examine the structure of the monomeric H 2 NO radical, widely calculated by others. We calculated the H 2 NO monomer at the B3LYP/ cc-pVTZ, MP2/cc-pVTZ, and MRMP/cc-pVTZ levels of theory. These methods are described in the Computational Methodology section at the end of this paper. The geometrical parameters of our calculations agree reasonably well with experimental results (Table 1) . The latter are consistent with an essentially planar structure, but note the substantial disagreement between the experimental values for the NO distance. We tend to believe the shorter (1.28 Å) value is more accurate.
2.2. General Aspects of the Electronic Structure of H 2 NO. For aminoxyls, one generally writes resonance structures 1 and 2 in Scheme 1. This would also be true for H 2 NO.
The unpaired electron is placed on the oxygen in 1, on the nitrogen in 2. This immediately broaches the question bothering both theorists and experimentalists: What is the distribution of that radical electron among N and O? In valence bond language this could simplistically be rephrased as a question of the relative contribution to the wave function of resonance structure 1 and 2.
In simple molecular orbital terms, R 2 NO has one electron more than R 2 CO, a ketone, i.e., the radical enters an orbital like the π* MO of a ketone. The immediate implication is a π-radical, and a rough distribution of the unpaired electron over both N and O. Figure 1 shows one contour of the singly occupied π* molecular orbital (SOMO) of aminoxyl from an second-order perturbation level calculation. Qualitatively, one might expect more of unpaired electron density on N than O, as there is a general perturbation-theory-based regularity that, if an MO is formed from component AOs of atoms of different electronegativity, the bonding (here π) combination is more localized on the more electronegative atom, but the antibonding orbital (π*) is more localized on the less electronegative one (here N). 40 The spin density can be measured by polarized neutron diffraction (PND), as well as by other techniques such as NMR and EPR. To the best of our knowledge, there has not been an experimental determination of the spin distribution in H 2 NO i t s e l f . T h e m o r e c o m p l e x a m i n o x y l d i r a d i c a l C 8 H 12 O 4 ((CH 3 ) 4 C 5 H 5 NO) 2 , tanol suberate, was the first radical studied by PND. 41 Since the two NO groups in the same diradical are separated by at least 6 Å, each NO group is considered isolated. The PND result revealed an approximately equal distribution of spin between N and O atoms. In another study, Bordeaux et al. determined, by PND, the spin density of 4-oxo-2,2,6,6-tetramethyl-1-piperidinyloxy (tempone) to be roughly equal on N and O atoms and the spin density of 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy (tempol) to be ∼54% on the N center. 42 These experimental results are qualitatively compatible with our simple MO picture, where the unpaired π* electron is somewhat more localized on N. Theory has struggled to predict the spin partitioning between N and O. UHF calculations on a series of radicals from H 2 NO to C 5 H 10 NO showed spin transfer from O to N as R groups get larger, with only 22% spin density on N for H 2 NO. 43 This trend was observed with other theoretical approaches as well. 44 ,45 Yet even C 5 H 10 NO has a distribution of 35%/65% spin density on N and O at UHF level. 43, 46 One might wonder about the geometry of H 2 NO used in those studies, but it turned out that the spin density was not greatly influenced by geometry. 45 Spin populations calculated by iterative CI with a 6-31G** basis set gave ∼0.38/0.64 N/O spin distribution. 45 In the same study, the authors pointed out the importance of basis-set quality and electron correlation in determining spin population in aminoxyls.
We calculated Mulliken spin populations with unrestricted Møller−Plesset second-order perturbation theory (UMP2), and compared the values obtained with various other levels of theory in Table 2 below. Unfortunately the program we use currently does not allow spin population calculation at the multireference perturbation level of theory. We see from Table  2 that at the Hartree−Fock (HF) level, the spin density is quite localized on oxygen. The restricted and unrestricted DFT (B3LYP) methods yield a similar spin distribution, with some spin density shifting from O to N. The DFT results compare well with a previous iterative CI calculation using a different basis set. 45 Finally, UMP2 calculations yield a much more evenly distributed spin density between N and O. Nevertheless, the unpaired electron resides more on O than N, in disagreement with the simplest polarization argument for the makeup of the π* orbital.
2.
3. An Isomer, HNOH. For comparison, we optimized the geometry of a constitutional isomer of H 2 NO, HNOH, more specifically, trans-HNOH, which is the photoproduct of excited NO in solid H 2 with vacuum-ultraviolet radiation. 47 Note that we only calculated the trans-form of HNOH; the cis-form is computed to be less stable than the trans-form by about 4.8 kcal/mol, presumably due to repulsion between lone pairs on N and O.
HNOH is planar. At the same level of theory, the NO bond length in HNOH is longer (1.36 Å) than that in H 2 NO (1.25 Å). The HNOH radical is ∼8.7 kcal/mol less stable than H 2 NO. HNOH, of course, is also a radical, with its unpaired electron in a π* orbital across N−O. This isomer has one electron more than diazine, HNNH, and one electron less than (nonplanar) hydrogen peroxide, HOOH. In contrast to H 2 NO, we see in HNOH the expected electron density distribution based on the electronegativity-perturbation argument given earlier (Figure 2) .
The relative instability of HNOH and the electron distribution of its SOMO may be related to the two resonance forms one can draw for an HNOH radical (Scheme 2), as for H 2 NO, each placing the radical electron on different centers.
The charge-separated resonance structure 4 has formal positive and negative charges on O and N, respectively, the opposite of what one expects based on the electronegativity of those elements. One would not expect the valence bond (VB) structure 4 to contribute much, and this is in accord with relative stability and the electron distribution in its SOMO.
2.4. Lewis Structures, and Perceived Impediments to Dimerization of H 2 NO. The general perception of the community is that dimerization of "stable" free radicals might be inhibited by the steric bulk of their substituents, by delocalization of the radical spin, and/or the instability of the dimers. For H 2 NO, the first disincentive to dimerization is absent, and one is naturally led to think of dimer instability connected to stabilizing delocalization in the monomer.
The dimers that first come to mind are 5, 6, and 7 (see Scheme 3), the outcomes of O−O, N−N, and N−O bond formation. In such processes a new bond (likely to be weak) is formed, and any special stabilization of the radical NO bond is lost. The latter stabilization has been variously called the delocalization or resonance energy of the aminoxyl. By a careful thermochemical argument, Rozantsev in his pioneering work 48 
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Article estimated the NO bond strength in aminoxyls at ∼100 kcal/ mol, in-between the bond strengths of NO single and double bonds. He estimated the delocalization energy of the aminoxyl bond to be ∼30 kcal/mol, and while the underlying H 2 NO−H bond energies have been reexamined in detail, 49, 50 this value has remained a reasonable one. The net result is that the loss in stabilization of two aminoxyls, ∼ 60 kcal/mol, is greater in magnitude than the stabilization gained in forming any O−O, N−N, or N−O bond in the dimers. 51, 52 The special stability afforded to the monomer by two-center three-electron bonding has been also addressed by Linnett 53, 54 and Harcourt. 55 The thermochemical argument is convincing, but we suspected there was more to the story of interacting aminoxyls. This is the reason we explore the H 2 NO dimer potential energy surface in some detail.
Some electronic structure considerations external to this paper led us also to consider cyclic dimers 8 and 9 in Scheme 3. The Lewis structure formalism has real troubles with the cyclic "head-to-head" (8) and "head-to-tail" (9) dimersin these the two "extra" electrons enter a σ* orbital of the ring. There are, however, good reasons (to which we will return) to think of these as possibilities, for they are analogous, in their bonding, to cyclic iso(valence)electronic S 4 2− , cyclobutane dianion, and tetracyanoethylene anion dimers. We will return to this analogy below.
2.5. The Complex (H 2 NO) 2 Dimer Surface. The full potential energy surface for the dimers of H 2 NO is not simple, and, maybe to some extent, dependent to some extent on the level of the calculation. (See SI section I)
On the MRMP surface, we have located 6 local minima, as shown in Figure 3 , with their energies relative to separated monomers shown below the figures.
Lewis structure 5, the O−O bonded dimer, is represented by one local minimum, 5a, at high energy, but with no imaginary frequencies. The calculated O−O bond length in 5a is 1.53 Å; a comparison might be to hydrogen peroxide or RO−OR, with O−O 1.47 Å. 56 So the O−O bond in 5a is pretty much fully formed, even if it appears elongated. Note also the elongation of the NO bond, by more than 0.1 Å from the monomer aminoxyl, fully in accord with Lewis structure 5.
To anticipate a point that will be discussed below, while structure 5a is a local minimum, it is barely so. There is in our calculation only a tiny barrier to 5a rearranging to another isomer, 8a.
Local minimum 6a resembles the N−N bonded Lewis structure 6. The NN separation, 2.15 Å, is, however, very long; in comparison, the N−N single bond in hydrazine, H 2 NNH 2 , is 1.45 Å. 57 Also, the NO bond length is pretty much unchanged from that in the monomer radical. Even if the NN bonding is weak, the −10 kcal/mol energy relative to separated monomers indicates some bonding interaction between the aminoxyl moieties. The ONNO atoms of 6a are in one plane (i.e., O− NN−O dihedral angle = 180°) and the hydrogens stay symmetric about this plane. The potential energy surface around 6a is quite flat; our computations point to a very similar local minimum energy structure of almost the same binding energy, call it 6b (not shown in Figure 3 ). In 6b, one oxygen atom is off the plane formed by the other three heavy atoms (O−NN−O dihedral angle =145°). Similar but distinct local minima, a sign of a shallow potential energy surface, are not a surprising result for these weakly bound dimers.
Dimer 7a resembles Lewis structure 7. The O−N separation between the two aminoxyls is 1.91 Å. Hydroxylamine has an N−O bond length of 1.45 Å, 58 so the NO separation in 7a indicates weak bonding interaction, in agreement with the slight negative stabilization energy. Interestingly, one of the NO distances, the one corresponding to the N-oxide in valence structure 7, is unchanged from the monomer; the other NO bond is elongated.
In terms of closeness of the newly formed bond to a covalent single bond length, dimer 5a structure essentially forms a full bond, followed by dimer 7a and last dimer 6a. Interestingly, stability-wise (binding energy relative to monomers), the order is reversed.
Next let us examine the "head-to-head" cyclic dimer 8a and its "head-to-tail" counterpart, 9a. In these, the intraradical NO distance is short, but there are long, weakly bonding contacts to the partner radical. The N−N (2.09 Å) and O−O distances (2.51 Å) are quite different in dimer 8a, but the two intermolecular N−O distances (2.37 Å) are the same in dimer 9a.
Upon dimerization, pyramidalization at N occurs for both dimer 8a and dimer 9a. There are many ways to define pyramidalization in substituted three-coordinate centers; we choose the angle the N−O bond makes with the plane formed by H−NH, β, as a measure (see SI section II for definition). β in 8a is 29°, but less for dimer 9a, with β = 18°, as the structures in Figure 2 suggest. Also notice that the direction of pyramidalization at N is different in these two structures: in 8a, NH 2 units are pointing "away" from each other, whereas the H's of 9a are actually slightly shifted toward the O atoms.
Let us try to understand these dimer geometries, as weak as the interactions are. Dimers 8a and 9a are cyclic, and iso(valence)electronic with the Jahn−Teller distorted, rectangular S 4 2− structure. 59−61 The iso(valence)electronic sequence is S 4 2− → O 4 2− → (HNO) 2 2− → (H 2 NO) 2 . The initial expectation is that both dimers might exhibit similar rectangular distortions. The "starting point", a hypothetical cyclic (H 2 NO) 2 2+ dication, not Jahn−Teller distorted, should have about equal distances in the two ring isomers, as a typical O−O distance is 1. 47 Å, 56 an N−N one is 1.45 Å, 57 and N−O is 1.45 Å, 58 all pretty much the same. Adding two electrons to reach the neutral, one comes to a hypothetical cyclic "square" The Journal of Physical Chemistry A Article structure (H 2 NO) 2 . This is now very unstable, ∼ 184 kcal/mol higher than separated monomer in a single point calculation.
One might expect rectangular distortions in the second-order Jahn−Teller distorted neutral ring dimer (second order, as the degeneracies of S 4 2− or cyclobutane dianion are no longer there). We see that in the "head-to-tail" 9a, but an unusual, different, trapezoidal distortion occurs in the "head-to-head" dimer 8a. In the SI we examine the reasons for the very different geometries of the dimers.
There is also an analogy here to the bonding in the dimers of TCNE − , 62−64 and a variety of examples of "pancake bonding". 65 This connection will be explored elsewhere. Dimer 9a is substantially stabilized, −12 kcal/mol below two monomers. And here we have some indirect experimental evidence that this structure is real. Such dimeric entities, featuring intermolecular interactions, have been observed experimentally for some, hardly all, larger aminoxyl radicals in the solid state.
66−68 Figure 4 shows a selection of three structures; 14 more may be found in Cambridge Structure Database (CSD). 69−71 The N···O distances in the known crystal structures range between 2.27 and 2.86 Å. Note the distinct rectangular arrangement in the segment of the three structures shown. 72 Given the many steric factors and crystal packing adjustments that of necessity intervene for these larger molecules, we think the weak dimerization of two H 2 NO molecules in the mode of dimer 9a is supported by these structures of more complex aminoxyls.
We also looked for the lowest triplet state of these dimers; it turned out that all of them optimized into the triplet state of the global singlet minimum we are about to discuss. If one followed the trajectories of all triplets in the course of optimization, they first went through a separation phase, and then redimerized.
We might mention here that while OO-bonded aminoxyl dimers (for R ≠ H) are not known, such molecules have been synthesized for the corresponding SS-bonded R 2 NS radicals. 73−75 Tao Zeng has pointed out to us that this is consistent with resonance structure 2 (the S equivalent) being less important, for electronegativity reasons for R 2 NS.
2.6. A Hydrogen-Bonded Dimer. The surprise in our exploration of the (H 2 NO) surface was dimer 10 on the singlet surface, the most stable (with our MRMP method) of the dimers. It is clearly a nice, symmetrically hydrogen-bonded aggregate of two aminoxyls. In all the other minima, stabilization is achieved, with varying success, from the overlap and interaction of the diradical orbitals that bear the spin. However, in 10 the singly occupied molecular orbital (SOMO) interaction is minimized, because the SOMO π* orbitals are arranged in a "side-by-side" parallel fashion, while the NO moieties are 2.7 Å apart. Figure 5 shows the nearly degenerate in-and out-of-phase combinations of the two singly filled orbitals in this structure; their lack of overlap is evident.
A mark of the lack of interaction of the radical centers in 10 may be seen in the near degeneracy in energy of the lowest singlet and triplet arising. The two are just 0.02 eV apart.
Dimer 10, as stable as it seems on this surface, is likely only a candidate for matrix isolation. However, a CSD search came up with some fascinating related structures in the literature. One is a molybdenum-coordinated complex with an (H 2 NO) 2 hydrogen-bonded motif similar to 10 ( Figure 6) . 76 This Mo complex is the first structurally characterized 7-coordinated complex However, let us focus not on the Mo−H 2 NO bonding, but on the interaction between H 2 NOs in different molecules. Note how the (coordinated) H 2 NO dimer looks like 10. The hydrogen bonding H···O distance is ∼2.06 Å, with reservations on the reliability of crystallographically determined distances to H, which is longer than that in dimer 10; the intermolecular N···O distance in this metal complex crystal is ∼2.79 Å, similar to our calculated value in (H 2 NO) 2 . Although this hydrogenbonded form of the Mo−H 2 NO complex is stable in the solid phase, it appears to be unstable at room temperature in solution. 76 A CSD search also reveals a few (RHNO) 2 structures that form such hydrogen-bonded structures, all coordination compounds with a metal center; the intermolecular N−O distance in these is between 2.726 and 2.887 Å. 77 Only one of them, a uranyl complex, has the coordinated aminoxyl bonding to the metal cation in a side-on fashion 78 (Figure 7 ) while the other examples are O-coordinated.
Dimer 10 is bound by nearly 17 kcal/mol relative to two aminoxyls in our calculation; it emerges as the most stable aminoxyl dimer. That degree of stabilization is high for N···H− O hydrogen bonded species, and merits further discussion.
There has been some mention of neutral radical-molecule hydrogen bonds in the literature, mostly with a neutral proton donating solvent. 79−81 The cyclic double hydrogen bonding pattern has been noticed for some simple radical-molecule complexes in a study by Hernańdez-Soto et al. 81 In that study, just as for our dimer 10, the unpaired electron of the radicalmolecule complexes is not directly involved in the hydrogen bond, but resides in an orbital perpendicular to the plane of the hydrogen bonds. Furthermore, they found that the two hydrogen-bonds do not contribute to the total binding energy in a simple additive fashion. This cooperative phenomenon is common and exists for hydrogen-bonded systems of neutral molecules. The strength of the n →σ* donor−acceptor interaction was attributed to the unusually strong binding in those radical−molecule complexes.
In order to better understand the hydrogen-bond strength in dimer 10, we looked at H 2 NO···H 2 O and H 2 NO···NH 3 model systems, to see the behavior of the component hydrogen-bond moieties. The starting geometries were chosen to mimic the analogous hydrogen bonds in dimer 10, meaning that the O··· H···N distances and angle are kept the same as in dimer 10. Also, during geometry optimization, the O−H−N distances and angle are fixed. The constrained but otherwise optimized structures and binding energies (in kcal/mol) are shown in Figure 8b ,c. The binding energies of these complexes are substantial.
If the non-hydrogen-bonded H atom of each H 2 NO is simply removed, we reach an HNO dimer, a complex of two singlet molecules. The initial geometry of (HNO) 2 , based on H removal from 10, is high in energy, but if it is allowed to readjust, it comes to the structure shown in Figure 9a . This is bound relative to two separated HNO molecules by only −4.3 kcal/mol. The intermolecular O···H distance of 2.33 Å is long for a hydrogen bond.
Another model might be a dimer of hydroxylamine, H 2 NOH. In this molecule the NH 2 group is not coplanar with the OH, and one gets a very different hydrogen bonding pattern, quite strong, shown in Figure 9b .
A reviewer has helpfully inquired about possible hydrogen bonded analogues to 10 for RR'NO dimers, R, R' = H, or alkyl. We have not yet explored these computationally. We expect such bonding for RH, and the uranyl complex structure cited above shows it. The possibility of C−H···O hydrogen bonding in the case where there is an α-hydrogen on an alkyl group is Figure 7 . A piece of the crystal structure of a U-coordinated RHNO complex where a dimer 10-like structure forms. The oxygen (red), nitrogen (light blue), hydrogen (cyan), and uranium (magenta) atoms are represented as spheres. In the zoom-in figure, some atoms are omitted for clarity. The full structure is in the SI. The Journal of Physical Chemistry A Article possible, and is related to a reaction channel of such aminoxyls to hydroxylamine and a nitrone. 51 As we will see in the next section, the various isomers of the aminoxyl dimer should rearrange without much activation energy to the hydrogen-bonded minimum 10. So one might observe it in a cold matrix. But there is another interesting potential fate of this dimer, which we will discuss in a subsequent section.
Other Transition Metal Complexes of H 2 NO.
Since all the dimer 10-like structures found turned out to be coordinated to a metal, we did a CSD structure search for one or two H 2 NO units coordinated to a metal. All the metal complexes found with two H 2 NO (a total of 12) are vanadium complexes with seven-coordination in a pentagonal bipyramidal structure. The popularity of these is probably due to the rising interest in the insulin-mimetic property of vanadium complexes. 82 Six metal complexes structures were found with only one coordinated H 2 NO, 83 three of which are molybdenum complexes, including the one in Figure 6 . In the literature these metal complexes are all referred to as metal hydroxylamido complexes. One reason for this nomenclature may lie in how these complexes are prepared. For example, In the case of the molybdenum complex, it is the hydroxylamine solution in ether that was added to a solution of [Mo(NO) (Tp Me2 )I 2 ] •C 6 H 5 CH 3 in butyl alcohol. For various vanadium complexes, solid H 2 NOH•HCl was added to the reaction solution. 84 In these metal complexes, the N−O bond length of the (H 2 NO) ligand is in the range of 1.37 Å −1.42 Å, lying in between H 2 NO radical (1.26 Å) and H 2 NO − (1.44 Å) at MP2/cc-pVTZ level. We think this indicates loss of radical character, but one would need to look at other properties to draw a definite conclusion.
We reserve judgment on just what is the form of coordinated H 2 NO in these complexes, given the usual crystallographic uncertainties in locating hydrogens.
2.8. Pyramidalization and Alternative Structures. The second-order mixing, of π into π * on the same radical (through their interaction with the π and π * orbitals of the other radical), is how the NO bonds elongate (as we see in dimers 5a and 6a). Other changes in molecular geometry may accompany the interaction of two aminoxyls: variable pyramidalization at N atoms, and slight elongation of N−H bonds, for instance. We wanted to see the energetic consequences of each geometrical deformation, so we considered the following sequence of steps, in each case applied to two monomer units separated and oriented as they are in the optimized dimer.
Step 1: Bring two rigid H 2 NO monomers together and elongate the intramolecular N−O and N−H bond lengths so that the intermolecular separations agree with the optimized (H 2 NO) 2 structures yet keep the monomers planar.
Step 2: Pyramidalize at both nitrogen atoms, reaching the optimized dimer geometry.
The outcome (Table 3) is fairly clear: most of the energy of interaction is set in the first step, the interaction of planar monomer radicals. Where the interaction of two aminoxyls is repulsive, pyramidalization at N then brings about significant stabilization. This may be sufficient to overcome the first step destabilization (6a, 7a, 8a), or it may not (5a). Where there is stabilization in the first step, pyramidalization is ineffective. We found that elongation of NO bond lengths is relatively unimportant in dimerization.
The positive (repulsive) energy of interaction of unperturbed H 2 NO radicals for 5a is impressively large. In an MO perspective, we see here a large four-electron destabilization in the π orbitals, which are more localized on O than on N. Alternatively, the strong repulsion can be attributed to the lone pairs of O atoms that are close to the σ bond.
2.9. Diradical Character. Now that we have examined each structure in some detail, we bring together the energies and intermolecular separations of the dimers in Table 3 . We also want to describe the diradical character of all species, in a way to see how far or how little they have been transformed from two noninteracting aminoxyls.
There are a number of ways to define radical character. We chose one based on a natural orbital analysis carried out on the system, after which one looks at the occupation number of the lowest formally unoccupied natural orbital. The diradical character is taken as that population, called n L . 85 An openshell singlet, having n L of ∼1, places two electrons of opposite spins in two degenerate orbitals. At the other extreme, a diradical character of zero corresponds to a closed-shell singlet. In the (H 2 NO) 2 system, dimer 5a is close to a closed-shell singlet, whereas the singlet state of dimer 10 is an open-shell one. As shown in Table 4 below, the other dimers all have substantial diradical character, implying that a single configurational description of their electronic structure is not adequate. So it is good that we used a multireference method in our calculations. Table 4 tabulates the calculated binding energies of dimers (defined here as ΔE for the reaction 2R → R 2 ) in descending order. Interestingly, the closest intermolecular separation and the diradical characters both get larger in this order. The latter Step 1 brings together two monomers at the optimal dimer intermolecular separation and adjusts molecular bond lengths to agree with the final optimized (H 2 NO) 2 , while keeping the monomers planar. In Step 2, pyramidalization at both nitrogen centers is allowed, which results in the fully optimized dimer structure.
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Article trend (correlation of diradical character with separation), of course will continue. However, at some point, the energetic stabilization that we see, the other part of the correlation, must disappear. 2.10. A Generalized Bonding Model for (H 2 NO) 2 . In frontier molecular orbital thinking, the orbitals that are interacting as the dimer structures form are the singly occupied (SO) π* MO, except for dimer 10. In the 2-electron-2-orbital (2,2) active space, given the same SOMOs, we can construct a prototypical orbital interaction picture: the larger the overlap between these two orbitals, the greater the level splitting, the lower the energy of the closed-shell singlet, and the smaller the diradical character expected. This indeed is the case for two classical σ radicals, such as •CH 3 , interacting. The energy− diradical character correlation shown in Table 3 clearly does not follow this expectation; something else is going on here. Participation of other, lower-lying orbitals, is suggested. Let us examine this. Figure 10 shows a schematic interaction of the π and π* orbitals of two interacting aminoxyls. We are now in a fourorbital-six-electron space. As the two monomer radicals approach each other, in zeroth order the degenerate pairs of orbitals interact. In that interaction there is a net repulsive fourelectron component, arising from the interaction between the π orbitals, and a 2-electron attractive interaction between the π* ones. The overall picture allows us to see how there can be a net rise in energy (the repulsive interaction dominating) even as there is bond formation. As we see in dimer 5a. In other words, the optimal geometry is a fine balance between repulsive π orbital interaction and attractive π* orbital interaction, usually resulting in an intermolecular separation with only modest binding energy (e.g., 9a) and preserving substantial diradical characters.
The argument we have given is a molecular orbital one. The balance of stabilization and destabilization that obtains in bond formation can be seen in a quite equivalent VB way: The dimers are formed in a conceptual sequence of energy-lowering bond formation following a localization (this takes energy) of the three-electron π systems into a localized lone pair π and a radical (also π) on N or O.
2.11. Transition States for Dimer Interconversion. Now that we have examined the local minimum energy structures of (H 2 NO) 2 , and have seen that the energy of dimer formation in all is less than 16 kcal/mol, let us turn our attention to transition states relating them. To anticipate a result obtained with much effort−for the entire set of dimers, the barriers separating less from more stable local minima are predicted to be smaller than 4 kcal/mol.
One way to think about the weakly bound dimers of H 2 NO we have located, given the model of the previous section, is to classify them based on how many lobes of the SOMO π* orbital overlap effectively. Class I includes dimer 5a, 6a, and 7a, with only one lobe of the π* orbital from each H 2 NO being in contact; class II includes dimers 8a and 9a with both lobes of the π* orbital being in contact. Dimer 10 belongs to a separate class III, with no direct contact between the two π* orbitals, but strong hydrogen bonding. Transition from class I to class II, in principle, can be achieved by either rotation or sliding ( Figure  11 ). There is always some overlap between the SOMOs of the The Journal of Physical Chemistry A Article two radicals during the entire process of rotation (Figure 11a) . However, the overlap diminishes, even passes potentially through zero, as one radical slides relative to the other ( Figure  11b ). Hence, as far as the two-electron stabilizing interaction we outlined above goes, rotation is likely to be an energetically more favorable reaction coordinate for dimers to move from one minimum to another than sliding. Focusing on rotation of one dimer relative to another, three routes could be envisaged, as shown in Figure 12 for specific structures. However, since most (H 2 NO) 2 structures are weakly bound, obviously dissociation followed by dimerization to a more stable configuration is a competing path that needs to be considered for any transformation.
The complexity of the reaction pathways interrelating the dimers becomes apparent in considering the relatively unstable (+16.8 kcal/mol) local minimum of dimer 5a. If we take O−O as a reaction coordinate, we find a tiny <1 kcal/mol barrier to dissociation to two aminoxyls (see SI Figure S7 ) Moreover, there are two reaction trajectories with essentially no additional activation that lead from 5a to more stable structures. In one, a slight O−O stretching is followed by a dissociation-recombination process and then a rotation around N−N, moving some 27 kcal/mol downhill to dimer 6b. It takes little motion to go over from 5a to 8a, gaining 22 kcal/mol of stabilization.
Furthermore, there is a pathway from 5a to the global minimum dimer, hydrogen-bonded structure 10. The pathway is shown in Figure 13 ; a rotation around the O−O bond is followed by a rotation around local NO axes. Our calculated barrier for this process is only ∼2.1 kcal/mol.
In a similar way, we looked at the potential surface interrelating 6a, 7a, 8a, 9a, and 10. Though each of these is a local minimum, the barriers separating each from a nearby more stable structure are calculated to not be larger than 4 kcal/mol. If these numbers prove reliable, then the best one might hope for is to isolate the structures in a very cold matrix. However, if one were to heat up the matrix just a little, any isomer would rearrange to 10.
Examination of the rotational transition pathways mentioned in Figure 12 reveals that the rotational barriers are all rather small, comparable with the dissociation barriers. Hence these two motions are easily coupled with each other; for example, during the stretching of the O−O bond of 5a, a rotation around N−N leads to 6b. There are also complex reaction trajectories leading to multiple products, for instance, from 7a to 9a and 10, or from 8a to 9a and 10.
Two geometries that appear close to each other are the ring, 9a, and the hydrogen-bonded dimer, 10. One only needs a rotation of both monomers about their own molecular N−O bonds (a process different than the rotations described in Figure 12 ) to interconvert the two. It takes little activation energy to accomplish this, ∼ 1 kcal/mol ( Figure 14) .
Potential Reactions of the Most Stable Dimer.
What about possible escape routes for dimer 10? One reaction pathway that one can envisage is a double hydrogen transfer from (H 2 NO) 2 to (HNOH) 2 ( Figure 15 ). This latter dimer, which is also stabilized by hydrogen bonding, is ∼17 kcal/mol uphill from 10. So this is not a productive pathway, even if no activation were needed (we calculate one of 21 kcal/mol).
A different escape route could be to a nitroso compound (HNO) and hydroxylamine (H 2 NOH), both of which are closed-shell molecules. This is a seemingly simple process, which transfers a hydrogen atom from one H 2 NO to the other Figure 16a . However, such a planar nitroso + hydroxylamine structure is calculated as highly unstable (in fact it emerges as a second-order saddle point on the MP2 surface), ∼ 15.4 kcal/mol less stable than separated HNO and H 2 NOH, and 8.5 kcal/mol higher than the two separated H 2 NO radicals, our energy reference.
The optimal structure of H 2 NOH is not planar. Also, there are two minimum-energy structures of the HNO···H 2 NOH complex, II and III (Figure 16b,c) , with a transition barrier ∼9 kcal/mol between them. The most stable form, complex III, is stable by 14 kcal/mol relative to the two separated H 2 NO radicals. However, to get from the planar complex I to more stable forms, II or III, is very difficult.
The problem is the correlation of orbital occupation in such a process. If we consider the closed-shell singlet state of dimer 10effectively, a mixture of (H 2 NO···H 2 NO) and (H 2 NO + ··· H 2 NO − ) valence structures in the same geometry as dimer 10such a state is 10.8 kcal/mol higher than its open-shell singlet counterpart, despite the presence of both electrostatic attraction and hydrogen-bonding. In the planar H 2 NOH, there are two electrons in the π* orbitals (and two in the π orbitals); such a 4-electron-2-orbital situation is destabilizing. To transform from the planar to nonplanar hydroxylamine optimal structure, a large orbital rearrangement would be required, suggesting a very large barrier. Hence this reaction channel is unlikely for the hydrogen bonded H 2 NO dimer.
2.13. Aggregation of Hydrogen-Bonded H 2 NO Dimers. Organomagnetic materials based on neutral radicals such as aminoxyls are of much interest, and among these, hydrogen-bonded assemblies are not rare. 86 Our primary intent is not to design new molecular magnets based on H 2 NO, but we mention two interesting hypothetical tetrameric structures, which can be considered as extensions of the hydrogen bonding patterns of 10. Structure 11 (Figure 17a) is planar, an oligomer on the way to a hypothetical one-dimensional polymeric supramolecular H 2 NO system. This planar structure has four unpaired electrons, each residing in one of the four molecular orbitals resulting from the combination of the four π* orbitals of H 2 NO monomer. The binding energy of this tetramer is ∼50.1 kcal/mol, essentially tripling the binding energy of dimer 10. This association energy appears to be cumulative. This is an interesting way to stabilize an H 2 NO unit.
The other tetramer, 12, can be viewed alternatively as two hydrogen-bonded dimer 10 structures stacking, or probably better, as two four-membered ring 9a structures hydrogenbonded. In this structure, the binding energy (−55.4 kcal/mol) is roughly the sum of 2×dimer 9a binding energy and 2×dimer 10 binding energy (−57.1 kcal/mol). These two bonding patterns have not been observed to our knowledge. Another piece of evidence that structure 12 is better viewed as two 9a structures that are hydrogen-bonded, comes from the occupation numbers of the natural orbitals in the active space (we use this as a measure of diradical character), which are quite similar to that in dimer 9a, rather than 10. Structure 11, on the other hand, remains roughly as a pair of open-shell singlets. The ground state of 12 is a singlet, with a triplet lying only 27.1 kcal/mol higher, and the quintet 61.0 kcal/mol higher still.
CONCLUSION
In this study, we have examined in detail the complex potential energy surface for dimerizing the parent aminoxyl, H 2 NO. The monomer is nearly planar, with its unpaired electron in a π* orbital distributed nearly equally over N and O. The Journal of Physical Chemistry A Article membered ring structures, unsymmetrical 4-center-6-electron systems. In fact, all of these are realized as local minima. The O−O bonded species is quite unstable, and the other minima 1 to 12 kcal/mol stabilized relative to two isolated radicals.
The dimers are very different from normal radical dimers, showing much weaker bond formation. We suggest the following bonding perspective: When two π radical monomers approach each other face-on, a compromise between repulsive π (4-electron) and attractive π* orbital interactions is made. The situation is quite different from the usually very exothermic dimerization of σ radicals. In fact, out of the six minimumenergy structures we located on the (H 2 NO) 2 surface, only the highest minimum, 5a, forms a σ O−O bond. Yet that structure has almost no barrier to dissociation. All the other five minimum-energy structures are weakly bound complexes retaining substantial diradical character.
A relationship is made with other 4-center 6-electron systems. So dimer 9a, the "head-to-tail" rectangular arrangement, is iso(valence)electronic with the known Jahn−Teller distorted S 4 2− . Its characteristic rectangular or rhomboid geometry is observed in several larger aminoxyl crystal structures.
The most stable (H 2 NO) 2 turns out to be a cyclic hydrogenbonded dimer structure in which the SOMO is perpendicular to the cyclic plane and not involved in the hydrogen bond. One should be able to observe this dimer in matrix isolation studies.
The potential energy surface of (H 2 NO) 2 is quite complex, characterized by small barriers (<4 kcal/mol) between local minima. Dissociative and rotational trajectories of low energy are characteristic of the interconversions. We return to the consistent bonding picture of the weakly bound dimers; in them one finds a balance of repulsive four-electron interaction between the π electrons of the interacting units, and an attractive two-electron interaction of the singly occupied radical π* levels.
COMPUTATIONAL METHODOLOGY
The GAMESS electronic structure suite 87, 88 was used in all our calculations. Local minima and transition states were first optimized with B3LYP/cc-pVTZ and confirmed by Hessian calculations. B3LYP structures and orbitals are used as starting guessed structures and orbitals for multireference perturbation theory (MRMP) calculations. It is worth mentioning that a multireference level of theory is crucial here. The global minimum energy structure predicted by MRMP (dimer 10) is a true diradical, which B3LYP completely fails to find, and in fact, identified a transition state.
In terms of the size of the active space, we have explored two options. One is the minimal active space, (2, 2) , that is, two electrons in what in the aminoxyl case turn out to be two π* SOMOs. The other one is a larger active space, (6, 4) , that is, six electrons in four orbitals, two of which are the π* SOMOs and the other two are the corresponding π orbitals. By comparing the optimized geometries and binding energies, we found that both choices of active space gave similar structures and binding energies.
It is important to always examine the orbitals in the active space after optimization, in particular when there is a significant change in bonding. For example, we initially located two more local minimum-energy dimer structures that form essentially a covalent O−O bond, using the (2,2) active space. Despite having no imaginary frequencies, these two structures do not retain the appropriate orbitals in the active space. Furthermore, they turned out not to be stationary points using the (6,4) active space.
Due to the numerical nature of the MRMP Hessian calculations, small imaginary frequencies occur sometimes. We have encountered one such case (dimer 7a) and using the larger active space did not seem to affect the outcome. In general a larger active space, just like using a larger basis set, is always better. However, since we would like to explore reaction pathways and transition states using the same level of theory, we decided to use the smaller active space, (2, 2) , as a compromise between accuracy and efficiency.
For dimer dissociation and rotational processes, we chose, for each dimer structure, a specific reaction coordinate and performed constrained optimization along it to see whether a local energy maximum exists. Once a maximum was found, we then fully relax the structures before and after that local maximum to see if they fall into different minimum-energy structures. For reactions of one dimer a transition state search was performed on a guessed structure along the least linear motion following the relevant mode with imaginary frequency. Once confirmed by the Hessian calculation as a first-order saddle point, intrinsic reaction coordinate (IRC) calculations were carried out to find the "reactant" and "product" connected by the reaction path.
To estimate the triplet-singlet gap, we calculated the triplet state energies using the optimized singlet structures of (H 2 NO) 2 . To assess the stability of those hypothetical triplet states, we optimized these structures using the same level of theory, MRMP(2,2)/cc-pVTZ, for the lowest triplet state.
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